, and 1G with the MHC ligand length of 7-12 amino acids for the dominant DCPs. In parts underlined. For the JAK1 protein, two peptides one case, formation of an internal hexamer peptide (8-13 were tested. The first one, designated JAK1, is a 21-from JAK1: SYFPEI) was observed in the presence of mer according to the original sequence. The second PA28. However, formation of this product does not folone, designated JAK1(D), is two amino acids shorter at low typical DCP kinetics as observed under PA28. Its the N-terminus and contains a conservative exchange increase is preceded by the strong initial increase of (E to D) in position 5 of the MHC ligand. The reason SYFPEITHI and correlates with decrease of SYFPEITHI to use the latter peptide was the following: the E-to-D at later time points (data not shown). Conclusively, exchange was introduced originally for a different pur-SYFPEI is most likely not generated directly from the pose, namely to allow the mass spectrometric distincsubstrate by a double-cleavage, but instead from tion of nonamer products generated in digests involving SYFPEITHI by a single consecutive cleavage. two competing JAK1-derived peptides with different
The observed PA28-mediated production of DCPs is flanking residues. Since the variant peptide had better rapid and not preceded by an increase in the generation solubility than its 19-mer counterpart without the exof SCPs. Therefore, one attractive hypothesis is that in change, it was initially used for the PA28 experiments. the presence of PA28, DCPs are made directly, possibly Subsequently, a soluble peptide with the correct seby coordinated double-cuts. On the other hand, DCPs quence was obtained by including two additional resiin the absence of PA28 might be generated by two dues at the N-terminus (JAK1 21-mer).
consecutive, independent single-cuts with SCPs as The HPLC profiles of products generated after 5 hr in cleavage intermediates. This mechanism might be reproteasome digests with and without PA28 strongly difflected by the fact that DCP generation in the absence fer from each other, no matter which of the three subof PA28 is slow and preceded by a strong initial rise of strates is considered (Figure 1) Figures 1C and 2B) . Similarly, SYFPDITHI is the main be noted that ion currents in general do not allow a . Moreover, at early time points (<8 hr) formation of the CTL epitope is almost entirely PA28-dependent. Like site of the proteasome and is first converted into an SCP (i.e., primary product). After dissociation from the most other peptides generated in our digests, the identity of peptide 7-15 was unequivocally confirmed by binding site the SCP may rebind and is then further cleaved to yield the DCP (i.e., secondary product). For fragmentation in ms/ms experiments.
In addition, the second most abundant fragment genprimary products, increasing substrate concentration ([S]) will lead to increasing initial slopes until saturation erated in the presence of PA28, peptide 5-15 ( Figure  1I) Figure 2K .
At the highest substrate concentration used in this tide 8-15 (Figures 4B-4D ; leftmost graphs) allows the conclusion that the CTL epitope is actually generated experiment (300 M; Figure 4D ), saturation for DCP formation in the presence of PA28 has been reached. Surby the same dual-cleavage activity: in the absence of PA28, both DCPs are produced only weakly and there prisingly, SCPs and terminal fragments now display a 6). The cartoon shows a section of the 20S proteasome cut along the longitudinal axis with one of the subunits of each ring, and one of the subunits of the PA28 comis no increase induced by higher substrate concentrations. In its presence, formation of both DCPs is strongly plex. An assumption made in this model is that all substrate molecules and possible cleavage intermediates enhanced by increasing [S]. In addition, for both DCPs an increase of substrate concentration exceeding 180 have access to all catalytic sites. This situation is implied by practically identical cleavage site preferences in the M does not lead to a further increase in the formation rate.
presence and absence of PA28. According to our model, in the absence of PA28 ( Figure 6A ) a substrate is cleaved once, diffuses off the active site, and rebinds for the Substrate Decay Rates In addition to influencing the cleavage mechanism, PA28 second cleavage to occur. A DCP is therefore generated by two consecutive single-cleavages with a diffusible behaves as an overall activator of substrate degradation, as described previously for fluorogenic peptides cleavage intermediate.
This explains the observed kinetics for SCPs and the suppression of the generation of (Ma et al., 1992). Substrate decay with time is exponential as expected for a (pseudo-) first-order reaction. In
DCPs at increasing substrate concentrations ( Figures  4B and 4E ). In the presence of PA28 (Figure 6B ), the the presence of PA28, the decay of the pp89 substrate peptide is slightly increased. At a substrate concentracatalytic activity is enhanced, possibly induced by conformational changes after PA28 binding, and the proteation of 300 M, this effect is more pronounced (data not shown) and compares well with the strongly increased some is now able to perform coordinated dual-cleavages of the substrate. Lö we et al., 1995) 1995). and proposed to be a molecular ruler (Wenzel et al., Interestingly, it has been observed that a particular 1994). In the presence of PA28 and at substrate conceninternal nonamer fragment from oxidized insulin ␤ chain trations that are saturating for DCP formation (around (5-13) is generated by the 20S proteasome without a 300 M; see Figure 4D ), the 20S proteasome displays lag period during which the concentrations of potential a change in cleavage mechanism. It now also generates intermediates (1-13, 5-30) rise to a maximal value, indihigh levels of SCPs. Such a behavior can be explained by cating coordinated cleavages (Dick et al., 1991) . Nevercompetition. Excessively high substrate concentrations theless, the majority of products obtained in this study would favor the binding of substrate molecules to ␤ were generated by single cleavages. This finding might subunits on a one-to-one basis over binding of one subindicate that for certain substrates the 20S proteasome strate molecule to two ␤ subunits ( Figure 6C ). As the is capable of performing double-cleavages in the abproteasome is more active when bound to PA28, the sence of PA28. generation of SCPs in these conditions is enhanced
Complex kinetic behavior of the 20S proteasome in when compared to the proteasome without PA28. These the absence of PA28 has been observed with low molecconsiderations can also explain why the overall subular weight substrates and inhibitors (Stein et al., 1996, strate turnover increases even at conditions which are and references therein). These findings likely reflect cosaturating for DCP formation: the available catalytic operative interactions between multiple binding sites: sites perform individual single-cuts instead of two cataoccupation of one site apparently modulates the activity lytic sites performing double-cuts. Because detailed at other sites. The 20S proteasome might correspondknowledge of the topology and number of catalytic sites ingly exist in several conformational states that may of eukaryotic proteasomes is not yet available, other interconvert spontaneously or be induced by ligand models with diffusible cleavage intermediates not inhibbinding (Stein et al., 1996) . It is tempting to speculate itable by excess of substrate cannot formally be exthat PA28 promotes a concerted cleavage mechanism cluded.
for (poly)peptides by stabilizing certain conformational states of the 20S proteasome. Although we have observed a strong preference for Discussion double-cleavages in the presence of PA28, it should be noted that single-cleavage activity is obviously not We have shown that PA28 changes the cleavage behavexcluded under PA28, especially when looking at pepior of the 20S proteasome in a characteristic manner: tides too small for (further) double-cleavages (e.g., SYFWithout PA28, the proteasome cuts substrates by con-PEITHI from the JAK1 peptide), at later time points or secutive and independent single cleavages; internal at very high substrate concentrations ( Figure 4D ). We fragments requiring two cleavages are among the prodalso observed that small differences in sequence and ucts but occur later in the course of time and only after length, as between JAK1 and JAK1(D), apparently influa marked increase of single-cut precursors. Upon assoence the exact product pattern. Understandably, bindciation with PA28, proteasomal double-cleavage activity ing and appropriate orientation of a substrate peptide leading to internal fragments of 7 amino acids or longer around and between two active sites depends on seis strongly enhanced even at very early time points. The quence properties of the peptide, especially of those kinetics of this reaction imply that the second cleavage residues oriented toward the inner ␤ subunit surface. does not occur on a diffusible intermediate but rather
Whether or not the observed double cleavages hapon an intermediate that remains associated with the pen simultaneously, an optimized production of internal proteasome. Alternatively, one would have to postulate fragments induced by PA28 is of paramount relevance a diffusible intermediate that cannot be competed by for antigen processing. If proteasome cleavages were excess substrate. always uncoordinated, the probability for a nearby secIt is also possible that the attachment of PA28 influond cleavage close to the site of the initial cleavage ences both the entry of substrate molecules into the under in vivo conditions would probably be very small lumen of the 20S particle as well as the exit of products. due to competition by other peptides and the possibility Thus, one might explain the observed PA28-mediated of premature release of intermediates from the proteaeffect by assuming that PA28 simply retains cleavage some. It is evident that the efficient and rapid one-step intermediates and by doing so increases the probability production of peptides fitting with the length requirefor substrates to be cleaved twice before their release ments for optimal TAP transport and of the same or into the surrounding medium. Because those luminal slightly larger size as optimal for MHC class I ligands is intermediates are short-lived and trapped inside the proa considerable advantage for antigen processing and the immune response. teasome, they are not detected in our analysis. However, or even reversed as compared with our present data at 24 hr. Although in the earlier study HPLC profiles for (Harpur et al., 1993) . Under PA28, this peptide, respectively its homolog SYFPDITHI, is directly cut out from early time points (1.5 hr, 5 hr) were shown, peptide products had not been identified. Moreover, the peak profiles the substrate, and it is the most abundant product. Thus, it is likely for this case that the MHC ligand is directly are not directly comparable with those of the present study since a different RP-HPLC method was used. In and efficiently produced by proteasome plus PA28. In no other instance has a comparable production of a addition, it seems possible that methodological differences contribute to discrepancies in the product formaclass I ligand as the main product by the proteasome been observed. This efficient one-step processing can tion rates observed. Digests in the previous study were performed in an incubation buffer of different composiexplain the exceptionally high copy number of this particular MHC ligand in cells (Falk et al., 1991) . The secondtion and a different source of PA28 protein was used (rabbit erythrocytes versus human placenta). However, most abundant product produced by proteasome plus PA28 from the JAK1(D) substrate is a 7-mer, lacking the our present results have been reproducible with different preparations of proteasome and PA28. first two residues of SYFPDITHI. The homolog 7-mer FPEITHI is also effectively produced from the JAK1 subClear specificity for individual cleavage sites by the 20S proteasome is not evident, and no influence of PA28 strate. Most significantly, both FPEITHI and SYFPEITHI were isolated from whole cell extracts of P815 with on individual sites is observed. However, in the two cases studied here, the dominant dual-cleavage prodmonoclonal antibodies against SYFPEITHI, whereas any longer peptides were not detected (T. P. D., unpublished ucts are cut after hydrophobic residues, suggesting some degree of selectivity. Since the peptides derived data). Thus, the peptides found in cells do well reflect the products of the 20S proteasome with PA28, indicatfrom JAK1 and JAK1(D) share the dominant, but differ in minor cleavage products, amino acid substitutions in ing that our observations are of in vivo relevance.
From the one-step processing of SYFPEITHI it does the vicinity of cleavage sites as well as substrate length seem to influence specificity of the proteasome. In any not necessarily follow that all MHC ligands are produced this way. In contrast, its exceptional abundance (10,000 instance, the coordinated selection of dual cleavage sites is not only determined by a simple length ruler. K d ligands per cell) suggests that other ligands might be produced in a less efficient manner. One example We hypothesize that the interaction of the peptide with the internal proteasome surface between or adjacent for such a situation is the MCMV pp89 peptide. The main double-cleavage activity of the proteasome complexed to active sites mediates a degree of specificity. The knowledge of such specificity should be of value for the with PA28 destroys this sequence; nevertheless, significant amounts of YPHFMPTNL are produced only in the prediction of naturally processed T cell epitopes within protein sequences, if combined with the application of presence of PA28, and even more of a putative precursor DMYPHFMPTNL that requires N-terminal trimming be-MHC motifs. The 20S proteasome, with or without PA28, is not able fore becoming the final MHC ligand is produced.
The in vivo relevance of our pp89 cleavage data has to digest intact proteins. Thus, one could speculate that the proteasome might be attached to PA28 at one end been shown recently: fibroblasts expressing pp89 and overexpressing PA28␣ were lysed more efficiently by and the 19S cap at the other; such a complex might be able to degrade ubiquitylated proteins by dual cleavage. MCMV-specific CTL than their regulator-normal counterparts. Moreover, specific CTL lysis of influenzaHowever, recent data suggest that inside a cell the pool of 20S particles is only partially associated with limiting infected target cells was also much higher when PA28 was overexpressed. Even for alloreactive CTL, lysis was amounts of 19S cap or PA28 (Yang et al., 1995) . Therefore it would appear more likely that besides free 20S higher with the latter cells (Groettrup et al., 1996) (Groettrup et al., 1995) . While these results are difficult to reconcile at complex is not actually involved, another supplier of unfolded or preprocessed substrate for the PA28-profirst appearance, there are several differences between the two studies that might account for the apparent teasome complex must exist in the cell. Studies with the Thermoplasma proteasome have led discrepancy. Both studies demonstrate that PA28 changes the quantity of peptides produced. However, to the "molecular ruler" hypothesis (Wenzel et al., 1994) , which postulates that the minimal distance between two in the previous study peptide products were identified and quantitated only after complete turnover of the subneighboring active sites dictates the product length to be about 7 amino acid residues. Although not actually strate and digests with and without PA28 were compared after different incubation times (24 and 48 hr, demonstrated, the postulated molecular ruler could reflect coordinated dual cleavages taking place in the respectively). Since formation of DCPs in the absence of PA28 continues at a low level between 24 and 48 hr, archaebacterial proteasome by default. It is therefore ( Groettrup et al., 1996) . In addition, our results lead to at least one critical new question: since the cleavage
